denotes the frequency of amino acid i at site j, and L the number of majority non-gapped sites in the protein. All computer code is available on request.
An important question in molecular evolution is whether an amino acid that occurs at a given site makes an independent contribution to fitness, or whether its contribution depends on the state of other sites in the organism's genome, a phenomenon known as epistasis [1] [2] [3] [4] [5] . Breen and colleagues recently argued 6 that epistasis must be ''pervasive throughout protein evolution'' because the observed ratio between the per-site rates of non-synonymous and synonymous substitutions (dN/dS) 7 is much lower than would be expected in the absence of epistasis. However, when calculating the expected dN/dS ratio in the absence of epistasis, Breen et al. 6 assumed that all amino acids observed at a given position in a protein alignment have equal fitness. Here, we relax this unrealistic assumption and show that any dN/dS value can in principle be achieved at a site, without epistasis; furthermore, for all nuclear and chloroplast genes in the Breen et al. data set, we show that the observed dN/dS values and the observed patterns of amino-acid diversity at each site are jointly consistent with a non-epistatic model of protein evolution.
For a variety of proteins under purifying selection, Breen et al. 6 constructed alignments and recorded the amino acids observed at each position; these observed amino acids were deemed ''acceptable'' with respect to natural selection. They then assumed that substitutions occur at neutral rates among the acceptable amino acids in order to calculate, for each protein, an expected value for dN/dS in the absence of epistasis. Because their empirical observations of dN/dS were much lower than these expected values, Breen et al. 6 concluded that epistasis must be extremely prevalent.
The flaw in this reasoning is that Breen et al. 6 considered only a single class of fitness assignments, so that all amino acids observed at a site were assumed equally fit. A more realistic assumption is that some amino acids observed at a site are more fit than others 8,9 . To illustrate the principle that low dN/dS can arise without epistasis, we considered a non-epistatic model in which, among the acceptable amino acids at a given site, one of these is preferable to the rest. We performed the following experiment: in a hypothetical protein of length 300 amino acids, for each position we randomly designated eight amino acids as acceptable (the average number of acceptable amino acids reported by Breen et al. 6 ), but gave one of these a selective advantage over the rest. We then calculated the equilibrium dN/dS (ref. 10) for this protein as a function of the selective advantage of the preferred amino acid, 2Ns ( Fig. 1 ). Whereas dN/dS is high for the case 2Ns 5 0, corresponding to the Breen et al. 6 assumption, dN/dS is much lower for larger 2Ns. Thus, a large range of dN/dS values are consistent with non-epistatic models of protein evolution.
Although non-epistatic models can in principle produce low dN/dS values ( Fig. 1) , can such a model account for the Breen et al. 6 data? To answer this question, we considered a more general non-epistatic model that assigns to each amino acid at a site a different fitness. For each gene in the Breen et al. 6 data set, we assigned fitnesses at each site in such a way that the resulting equilibrium distribution of amino acids under our model precisely matches the amino-acid frequencies observed for that site 11 . Furthermore, as a result of these fitness assignments, the asymptotic mean pairwise sequence divergence under our model necessarily matches the mean pairwise divergence observed in the data (Table 1 and Methods).
Using this model, for each gene in the Breen et al. 6 data set we repeatedly simulated the evolution of a pair of sequences from their common ancestor and computed dN/dS. For the 13 mitochondrial genes, the average simulated dN/dS values, although substantially lower than the Breen et al. 6 expectations, are still greater than the empirically observed values (Table 1) . However, for the three nuclear and chloroplast genes in the Breen et al. 6 data set, the average dN/dS values under our non-epistatic model are comparable to or even lower than the empirical dN/dS values Breen and colleagues reported. Thus, the dN/dS values observed in these genes need not be attributed to epistasis, but rather can be explained by the more parsimonious assumption that the various amino acids observed at a site have different fitnesses.
It is important to note that the effects of natural selection and phylogeny are confounded in the amino-acid frequencies observed at each site, and therefore in our fitness estimates. Although methods exist to disentangle these effects when the phylogeny is small and known 12, 13 , there is no well-accepted phylogeny for the vast range of taxa studied by Breen et al 6 . Nonetheless, whatever the true phylogeny may be, under the standard assumption that molecular evolution can be modelled as an equilibrium Markov chain (see, for example, ref. 14, as used by Breen et al. 6 ) our fitness estimates are maximum likelihood. Relaxing this assumption, or allowing more complex models (for example, allowing fitnesses or population sizes to vary across time or clade), would make it only more difficult to reject the non-epistatic null hypothesis.
In summary, Breen et al. 6 provide no direct evidence of epistasis, nor do they reject the full space of non-epistatic models. They have analysed only three non-mitochondrial genes, whose evolutionary patterns, we have shown, can be explained without epistasis. Although Breen et al. 6 contend that epistasis is the primary factor in all of molecular evolution, further work is needed to substantiate this claim. 
METHODS
We assume that each codon evolves according to an independent Markov chain, the rate matrix of which is determined by the scaled selection coefficient assigned to each amino acid 15 . The equilibrium frequency of each amino acid is then proportional to u i e 2Ns(i) (ref. 15) , in which u i is the number of codons that code for amino acid i, and 2Ns(i) is its scaled selection coefficient. After assigning sitespecific fitnesses to amino acids, 1,000 simulations were conducted for each protein, as follows. For each site represented in at least half the sequences from the Breen et al. 6 alignment, an ancestral codon was drawn from the equilibrium distribution of our Markov chain. Two copies of this ancestral sequence were then evolved independently until dS 5 0.25, which is within the range of dS 5 0.05 to 0.5 used by Breen et al 6 . We then estimated dN/dS for each pair using PAML 14 , again following the procedure of Breen et al. Mean pairwise divergence (Table 1) was calculated using the formula 1 L Understanding fitness landscapes, a conceptual depiction of the genotypeto-phenotype relationship, is crucial to many areas of biology. Two aspects of fitness landscapes are the focus of contemporary studies of molecular evolution. First, the local shape of the fitness landscape defined by the contribution of individual alleles to fitness that is independent of all genetic interactions. Second, the global, multidimensional fitness landscape 1 shape determined by how interactions between alleles at different loci change each other's fitness impact, or epistasis. In explaining the high amino-acid usage (u), we focused on the global shape of the fitness landscape 2 , ignoring the perturbations at individual sites 3 . u is overly sensitive to the presence of rare amino acids 2 , including fixed slightly deleterious amino acid-a factor we did not consider. McCandlish et al. 3 apply a non-epistatic model with fitness landscape 
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ruggedness on the local scale of individual sites. As a null model for testing the hypothesis of an epistasis-free fitness landscape, it directly confirms our conclusion that epistasis affects most amino-acid substitutions for 13 out of 16 genes considered 3 . The other three genes are extremely conservative with low density and frequency of emerged amino-acid states in the multiple sequence alignment. In the nonepistatic model 3 such amino-acid states seem to be substantially deleterious, leading to the low predicted dN/dS values in these three genes, with the largest effect in rbcL.
In the absence of epistasis, strong selection against non-optimal states markedly decreases the equilibrium sequence divergence 3, 4 and the expected time to reach the equilibrium divergence 4 . The model 3 for rbcL simulates an equilibrium sequence divergence of ,0.06, which must be independent of phylogenetic distance beyond closely related clades 4 . Both of these predictions are easily falsified. Orthologous rbcL sequence divergence shows no sign of reaching a true equilibrium even between phylogeneticaly distant clades ( Fig. 1) , whereas a BLAST search reveals that sequence divergence between Arabidopsis thaliana and cyanobacterial orthologues reaches values greater than 0.16.
Generally, the non-epistatic model has a trade-off between the strength of selection against suboptimal alleles and the expected sequence divergence, which rapidly reaches its equilibrium value 4,5 .
For extremely conservative genes, such as the selected three nonmitochondrial genes considered 2 , the non-episatatic model can give the appearance of avoiding this trade-off, which breaks down when the long-term evolutionary predictions of the model are considered in detail (Fig. 1) .
Two aspects of protein evolution are revealed by sequence similarity searches. First, protein sequence divergence occurs slowly, slower than neutral divergence. Second, sequence divergence is proportional to phylogenetic distance and is usually substantial for sequences from distantly related species. Non-epistatic models 3,4 that consider only local fitness landscape ruggedness are inconsistent with both of these basic and universal features of protein evolution. By contrast, our claim that epistasis-the global, multidimensional shape of the fitness landscape-is the primary factor of protein evolution explains the high amino-acid usage 2 and how slow long-term sequence divergence leads to highly dissimilar sequences 5 . Models that take into account both local and global aspects of fitness landscapes could lead to better quantification of factors shaping molecular evolution, although their development may be hampered by inherent complexity of multidimensional fitness landscapes 1 and subtle local confounding factors [6] [7] [8] . 
